Dynamics of phosphatidylinositol 4,5-bisphosphate in actin-rich structures  by Tall, Edward G. et al.
Brief Communication 743
Dynamics of phosphatidylinositol 4,5-bisphosphate in
actin-rich structures
Edward G. Tall*†, Ilan Spector*, Srinivas N. Pentyala*†, Ingmar Bitter‡
and Mario J. Rebecchi*†
Phosphatidylinositol 4,5-bisphosphate (PI(4,5)P2) is
known to regulate a wide range of molecular targets
and cellular processes, from ion channels to actin
polymerization [1–6]. Recent studies have used the
phospholipase C-d 1 (PLC-d 1) pleckstrin-homology (PH)
domain fused to green fluorescent protein (GFP) as a
detector for PI(4,5)P2 in vivo [7–10]. Although these
studies demonstrated that PI(4,5)P2 is concentrated in
the plasma membrane, its association with
actin-containing structures was not reported. In the
present study, fluorescence imaging of living NIH-3T3
fibroblasts expressing the PLC-d 1 PH domain linked to
enhanced green fluorescent protein (PH–EGFP) reveals
intense, non-uniform fluorescence in distinct structures
at the cell periphery. Corresponding fluorescence and
phase-contrast imaging over time shows that these
fluorescent structures correlate with dynamic,
phase-dense features identified as ruffles and with
microvillus-like protrusions from the cell’s dorsal
surface. Imaging of fixed and permeabilized cells
shows co-localization of PH—EGFP with F-actin in
ruffles, but not with vinculin in focal adhesions. The
selective concentration of the PH–EGFP fusion protein
in highly dynamic regions of the plasma membrane that
are rich in F-actin supports the hypothesis that
localized synthesis and lateral segregation of PI(4,5)P2
spatially restricts actin polymerization and thereby
affects cell spreading and retraction.
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Results and discussion
To investigate the localization and dynamics of PI(4,5)P2
in living cells, we linked the PH domain of PLC-d 1 to the
amino terminus of enhanced green fluorescent protein
and expressed this construct (PH–EGFP) in NIH-3T3
fibroblasts. Fluorescence images reveal that PH–EGFP is
highly concentrated in dynamic, peripheral, ribbon-like
structures and dorsal membrane projections (Figures 1,2).
By contrast, the non-PI(4,5)P2-binding R40D PH–EGFP
mutant or EGFP alone is diffusely distributed (see Sup-
plementary material). To help identify these peripheral
structures, we obtained corresponding fluorescence and
phase-contrast images of cells expressing PH–EGFP. The
intensely fluorescent structures (Figure 1a,c,e,g arrow-
heads) correspond in position and time to phase-dark,
dynamic, ruffle-like features (Figure 1b,d,f,h arrowheads).
When imaged at multiple levels of focus by laser confocal
or epifluorescence microscopy, it is apparent that these
structures, enriched in PH–EGFP, extend upward beyond
the height of the surrounding membrane (see Supplemen-
tary material). In addition, PH–EGFP is often concen-
trated in small, microvillar-like projections on the cell’s
dorsal surface (Figure 1b,d,f,h) and sometimes in the per-
inuclear region (Figure 3a,d). It is also important to note
that plasma membrane fluorescence is largely uniform in
some cells lacking ruffles (data not shown).
The relationships between PI(4,5)P2 levels and the devel-
opment, movement, and dissipation of membrane ruffles
were determined in high-resolution fluorescence images of
cells expressing PH–EGFP taken at 30 second intervals.
Two examples are shown in Figure 2a,b. In both cells,
ruffles emerge, move, and dissipate. Within a 30 second
time frame, ‘islands’ of fluorescence often develop into
prominent ruffles concentrated in PH–EGFP. This is
especially apparent in a flattened region of the cell where a
discontinuous line of fluorescent ‘islands’ appears to coa-
lesce into a long, intensely fluorescent ruffle (Figure 2a,
frames 6 and 7). Such progressive brightening of the area
from which the nascent ruffle arises supports the idea that
plasma membrane PI(4,5)P2 is laterally segregated, espe-
cially to regions where actin is actively polymerized. This
process is seen in reverse as the ruffle dissipates. In some
instances, the behavior appears to be locally choreographed
(Figure 2a, frames 1–4), whereas in other instances simulta-
neous generation and dissipation of ruffles is observed
(Figure 2b, frames 1–4). The waxing, waning, and move-
ments of membrane ruffles occur in areas of high motility,
but do not seem coordinated across the whole cell.
To determine the relationship between PI(4,5)P2 and
the state of actin organization, we stained cells express-
ing PH–EGFP with Alexa 594 phalloidin, which binds
specifically to F-actin. Figure 3a,b shows the respective
distributions of PI(4,5)P2 and F-actin. Superposition of
the corresponding images demonstrates that PH–EGFP
co-localizes with F-actin in ruffles (Figure 3c). By contrast,
there is no evidence for co-localization of PI(4,5)P2 with
stress fibers even at the cell margins. The results agree
with the observation that PH–EGFP, detected in fixed
cells, is localized to ruffles formed following stimulation
by epidermal growth factor or AlF4– [11].
To investigate the suggestion that PI(4,5)P2 is localized
in focal adhesions [12], we also probed for vinculin, a
protein enriched in these structures [13]. Comparison of
images in Figure 3d and e and their superposition
(Figure 3f) shows that there is no correlation between the
distribution of PI(4,5)P2 and vinculin.
Previous studies [7–10] have reported ‘predominant’ [9]
and ‘uniform’ [7] localizations of PH–GFP to the plasma
membrane of living cells. Unlike our results, these reports
made no mention of PH–GFP concentration in distinct
regions of the plasma membrane. NIH-3T3 cells were
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Figure 1
Fluorescent, phase-dense extensions of the
plasma membrane are highly dynamic and
correlate in space and time. (a–h) Time-lapse
microscopy of a fibroblast expressing
PH–EGFP. (a,c,e,g) Epifluorescence imaging
of fibroblasts was immediately followed by
(b,d,f,h) phase-contrast imaging in a tight
parallel series. Each pair (a,b), (c,d), (e,f) and
(g,h) is 60 sec apart. Arrowheads point to
intensely fluorescent structures and their
corresponding phase-dark features that
change in brightness and darkness, shape
and/or position over time. The scale
bar represents 10 m m.
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Figure 2
Increasing local fluorescence intensity
precedes the formation of membrane ruffles.
(a,b) Living fibroblasts expressing PH–EGFP
at the start of a high-resolution time-lapse
series. Boxes indicate regions of focus
displayed as frames below the corresponding
cell. Epifluorescence frames were obtained
30 sec apart, except for frame 8 in (b), which
was 60 sec after frame 7. Arrows in frames 2,
3 and 6 in (a) and 2 and 7 in (b) point to
spots of slightly increased fluorescence which
eventually give rise to prominent, ruffle-like
structures seen in subsequent frames. In (b),
the arrow in frame 1 points toward a ruffle that
dissipates to discontinuous spots of
fluorescence; arrows in frame 3 show
non-uniform localization of PH–EGFP at the
cell border; the arrow in frame 6 points
toward dissipating spots of fluorescence
where a ruffle was prominent in frame 5. The
arrow in frame 8 in (b) shows the
concentration of PH–EGFP in a newly formed
extension of the cell that appears to be a
microspike. The scale bar represents 10 m m.
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previously examined in the absence of serum [8], a condi-
tion that reduces fibroblast motility and ruffling. Indeed,
we observe that NIH-3T3 fibroblasts expressing
PH–EGFP lack ruffles under these conditions, and the dis-
tribution of the fusion protein is similar to that described in
the earlier studies. Variations in the overall distribution of
this fusion protein may reflect particular cell states.
Although the d 1 PH domain binds at least as strongly to
inositol 1,4,5-trisphosphate (IP3) [14–16] as to PI(4,5)P2,
we do not believe this complicates our interpretation of
PI(4,5)P2 dynamics in membrane ruffles. Previously,
Hirose and co-workers [10] found that competition by IP3
could explain the fall in plasma membrane PH–GFP fluo-
rescence, which had been attributed to degradation of
PI(4,5)P2 [7–9]. In those studies, quiescent cells were chal-
lenged with calcium-mobilizing agonists that stimulated
PLC, degrading PI(4,5)P2, and raising the levels of IP3.
Under our conditions of 10% serum, the PI(4,5)P2 levels
should remain high, whereas wide swings in IP3 concentra-
tion should be infrequent. If high-amplitude IP3 oscilla-
tions were frequent, we would not have observed such a
strong correlation between ruffling and fluorescence inten-
sity. Moreover, independent changes in ruffle fluorescence
within highly circumscribed cell regions would have been
difficult to observe because IP3 concentration rises globally
as a result of its rapid diffusion on this time scale [17].
The strong correlation between PI(4,5)P2 and F-actin in
ruffles (Figure 3a–c) is consistent with an important role
for this lipid in actin polymerization [3]. PI(4,5)P2 has
been shown to modulate actin-regulatory proteins includ-
ing gelsolin [18], profilin [19], Arp2/3 complex, and
Wiskott-Aldrich syndrome protein (WASP) [6]. Our
finding that the rise in PI(4,5)P2 concentration precedes
the ruffle’s explosive growth suggests that high local con-
centrations of this lipid promote and spatially restrict actin
polymerization, thereby affecting cell shape and motility.
Materials and methods
Generation of PH–EGFP DNA constructs
The cDNA coding for the PH domain (amino acids 1–135) of human
PLC- d 1 was amplified by Taq DNA polymerase PCR. The PCR
product was inserted into pEGFP-N1 mammalian expression vector
(Clonetech). Six amino acids (DPPVAT) link the carboxyl terminus of
the d 1 PH domain to the amino terminus of the EGFP gene product. A
non-PI(4,5)P2-binding d 1 PH domain (R40D) fused to EGFP was also
made by point mutation of the critical residue R40 [20] using PfuI
Turbo DNA polymerase (Stratagene).
Transfection of cultured cells
NIH-3T3 mouse embryo fibroblasts (American Type Culture Collection)
were cultured in DMEM with 10% fetal bovine serum (FBS), 1 mM
sodium pyruvate, 1 mM non-essential amino acids, 100 units/ml penicillin
and 100 m g/ml streptomycin (Gibco-BRL) at 37° C and 10% CO2. Cells
were trypsinized and resuspended in microscopy medium composed of
Optimem with 10% FBS (Gibco) containing penicillin and streptomycin,
an additional 15 mM HEPES pH 7.3, and 350 m g/ml CaCl2. Just before
electroporation, cells were washed once in electroporation buffer (EB)
[21]: (125 mM KOH, 4 mM NaOH, 73 mM PIPES, 34 mM myo-inositol,
10 mM NaHCO3, 5 mM K2HPO3, 5 mM KH2PO3, 5 mM D-glucose,
4 mM MgCl2, 1 mM MgSO4, 1 m M CaCl2 pH 7.0); and resuspended in
0.5 ml EB with or without plasmid DNA (75 ng/m l). The 0.5 ml cell sus-
pensions were electroporated by a BioRad Gene Pulser set at 500 V/cm
and 960 m F for two pulses, 30 sec apart, at room temperature. Immedi-
ately after pulsing, 1 ml microscopy medium was added to each cuvette.
Cells were then washed, resuspended in normal growth medium, and
plated onto fibronectin-coated (Boehringer Mannheim) LabTek cham-
bered coverglasses (NUNC), and were incubated at 30 ° C and 5% CO2.
Cells were washed twice in D-PBS (Gibco) the following day and pro-
vided with fresh normal growth medium.
Epifluorescence microscopy
Two days after electroporation, the normal growth medium was
replaced with microscopy medium. Because high levels of expression
resulted in abnormal cell morphologies, expression levels were kept
low by limiting the amount of DNA in transfection and allowing only
2 days for expression. Cells were then viewed with an Olympus IMT-2
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Figure 3
PH–EGFP co-localizes with F-actin, but not with vinculin. Fibroblasts
expressing PH–EGFP were fixed, permeabilized, and probed for
F-actin or vinculin. (a,d) The localization of d 1 PH–EGFP viewed in the
green channel (490 nm excitation wavelength). (b,e) The localization of
(b) Alexa 594 phalloidin (for F-actin) and (e) Texas Red anti-vinculin,
respectively, viewed in the red channel (570 nm excitation wavelength).
(c,f) The superposition of the green and red images above. Yellow
indicates co-localization. Arrows in (c) point to concentrated
PH–EGFP fluorescence that co-localizes with F-actin, but not with
vinculin (f). The spill from green channel to red channel and vice versa
is negligible. The scale bar represents 10 m m.
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inverted microscope equipped with a 100 W high-pressure mercury
lamp and appropriate excitation/emission filter sets. Images were
recorded using Esprit imaging software (LSR) with Olympix AstroCam
(LSR). High-resolution fluorescence images were taken using Nikon
Plan Fluor 40, 1.3 N.A. oil or 100, 1.4 N.A. oil. Alternating fluorescence
and phase contrast images were taken in parallel using Olympus LWD
CDPlan 40 PL, 0.55 N.A.
Immunocytochemistry
All preparations were carried out at room temperature unless indicated
otherwise. Cells were fixed the same day after live imaging. Cells were
washed once in 37°C Optimem medium without any supplements and
were fixed in 4% formaldehyde (Fisher) in Ca2+-free, Mg2+-free PBS
with 1 mM EGTA for 20 min. Samples were then washed three times
with PBS (without EGTA), permeabilized with 0.1% TX-100 for 5 min,
and washed three times again in PBS.
For labeling of F-actin, cells were incubated with 1.75 nM Alexa 594
phalloidin (Molecular Probes), for 20 min. For labeling of vinculin,
fixed/permeabilized cells were initially blocked with 0.1% heat-inacti-
vated goat serum in PBS with 1% BSA (both from Sigma) for 15 min.
Cells were then incubated with 1:200 dilution of h-Vin1 monoclonal
antibody (Sigma) in PBS with 1% BSA for 1 h and washed three times
for a total of 20 min with regular PBS. Samples were then incubated
with a 1:10,000 dilution of Texas Red goat anti-mouse IgG (Molecular
Probes) in PBS with 0.5% BSA for 1 h, followed by three washes with
PBS as before. Fixed and stained cells were viewed in regular PBS or
in VectaShield mounting medium (Vector Laboratories).
Supplementary material
Supplementary material including time-lapse images is available at
http://current-biology.com/supmat/supmatin.htm.
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